Purpose: Cyclin-dependent kinases (Cdk) and their associated cyclins are targets for lung cancer therapy and chemoprevention given their frequent deregulation in lung carcinogenesis. This study uncovered previously unrecognized consequences of targeting the cyclin E-Cdk-2 complex in lung cancer.
Cyclin-dependent kinases (Cdk) are key regulators of cell cycle progression (1-3). Cdk-2 and its partner, cyclin E, regulate the G 1 to S cell cycle transition by phosphorylating the retinoblastoma protein (4) . Engineered cyclin E overexpression shortens the cell cycle and causes chromosomal instability (5, 6) . Aberrant cyclin E expression is frequently found in pulmonary dysplasia and lung cancer (7) . This predicts an unfavorable clinical prognosis in lung cancer (8) . Evidence for a critical role for the cyclin E-Cdk-2 complex in lung carcinogenesis came from prior work showing that tobacco-carcinogen exposure deregulated cyclin E-Cdk-2 expression (9) . That cyclin E-Cdk-2 was a therapeutic or chemopreventive target was independently shown following treatment with agents that induced proteasomal degradation of cyclin E or Cdk-2 (9) (10) (11) .
Direct support for the importance of cyclin E in lung carcinogenesis came from engineered mouse models where human surfactant C-targeted expression of wild-type or proteasome degradation-resistant cyclin E species recapitulated many features of human lung carcinogenesis, including onset of chromosomal instability, hedgehog pathway deregulation, presence of premalignant and malignant lung lesions, and even metastases (12) . These findings set the stage for the current study, which genetically repressed cyclin E expression with different small interfering RNAs (siRNA) and by pharmacologically inhibiting Cdk-2 activity with a small molecule kinase inhibitor, seliciclib (CYC202, R-roscovitine).
Seliciclib is a 2,6,9-trisubstituted purine analogue. It is an orally bioavailable inhibitor of Cdk activity that reversibly competes for binding to the ATP pocket of the kinase catalytic subunit (13, 14) . Seliciclib prominently inhibits Cdk-2, but affects Cdk-1, Cdk-7, and Cdk-9 much less (15) (16) (17) . Antitumor activity is reported against many human cancer cell lines, including those of breast, prostate, and lung cancer origins (16) . A seliciclib phase I clinical trial is reported (14) and phase II trials are ongoing in nonsmall cell lung cancer (NSCLC) and nasopharyngeal carcinoma (18) .
Consequences of targeting the cyclin E-Cdk-2 complex in human and murine lung cancer cell lines were explored in this study. This was accomplished by genetic knockdown of cyclin E with different siRNAs and by pharmacologic inhibition of Cdk-2 with seliciclib. Comparisons were made to effects observed following targeting of Cdk-1. Novel murine lung cancer cell lines derived from wild-type (ED-1) and proteasome degradation-resistant (ED-2) cyclin E-driven lung cancers (19) were studied as was a well-characterized panel of human lung cancer cell lines. Unexpectedly, seliciclib antineoplastic effects were only partially reversed after its washout. This provided a basis for pursuit of an involved mechanism.
Seliciclib was found to induce aberrant multipolar anaphases leading to anaphase catastrophe and apoptosis in lung cancer cells. This provided a mechanistic explanation for the antineoplastic effects of targeting Cdk-2. Combining seliciclib with different microtubule-targeting agents (paclitaxel or docetaxel) was used to search for agents that cooperate with seliciclib to augment anaphase catastrophe. A high-throughput cancer cell line platform was used to determine the extent and incidence of seliciclib-mediated growth suppression in diverse cancer cells. To establish therapeutic relevance of these findings, in vivo antineoplastic effects of inhibiting Cdk-2 were explored after murine lung cancer cells were injected through the tail veins of syngeneic FVB mice. Antineoplastic effects of seliciclib were also studied in transgenic cyclin E mice that spontaneously developed lung dysplasia or cancer (12) .
Findings reveal prominent induction of anaphase catastrophe in lung cancer cells. This represents a previously unrecognized consequence of Cdk-2 inhibition. Taken together, these studies uncover a novel mechanism engaged by targeting the cyclin E-Cdk-2 complex that not only causes anaphase catastrophe, but also leads to apoptosis and significant repression of lung cancer growth in vivo. The implications of these findings for lung cancer therapy and potentially for chemoprevention will be discussed.
Materials and Methods
Chemicals and antibodies. Seliciclib (CYC202, R-roscovitine) was provided by Cyclacel Ltd, and 10 mmol/L stock solutions in DMSO were prepared and stored at −20°C until used. Docetaxel (Cytoskeleton) and paclitaxel (LC Laboratories) were each purchased. DMSO 10 mmol/L stock solutions were prepared for each agent and stored at −20°C. Fetal bovine serum (Gemini Bioproducts, Inc.) was purchased. Anti-cyclin D1 (product sc-718), antiactin (product sc-1615), and horseradish peroxidase-conjugated donkey anti-goat IgG (product sc-2020) antibodies were purchased (Santa Cruz Biotechnology, Inc.) as were anti-COOH terminus domain RNA Polymerase II phosphorylated Ser-2 antibodies (Covance), the ECL Plus immunoblotting detection reagent (GE Healthcare UK Limited), and Protease Arrest protease inhibitor mixture (Geno Technology, Inc.).
Immunoblot analyses. Cells were lysed with ice-cold radioimmunoprecipitation lysis buffer, and immunoblot analyses were done, as described (20) . Thirty-five micrograms of protein were loaded onto each lane. Lysates were size fractionated by SDS-PAGE before transfer to nitrocellulose membranes (Schleicher and Schuell Bioscience) and probing with the indicated antibodies.
Cell culture. Murine lung cancer cell lines were each derived from transgenic mice (12) harboring lung cancers expressing human surfactant C-driven wild-type cyclin E (ED-1 cell line) or proteasome degradation-resistant cyclin E (ED-2 cell line) species, as previously described (19) . ED-1 and ED-2 murine lung cancer lines as well as C-10 murine immortalized lung epithelial cells and human lung cancer cell lines (HOP-62, H-522, and H-23) were each cultured in RPMI 1640 supplemented with 10% fetal bovine serum and 1% antibiotic and antimycotic solution at 37°C in 5% CO 2 in a humidified incubator.
Transient transfection. Logarithmically growing ED-1 (3 × 10 4 ) and ED-2 (4 × 10 4 ) cells were individually plated onto each well of a six-well tissue culture plate 24 h before transfection. The transfection procedures were done with Oligofectamine reagent (Invitrogen) and siRNAs targeting both murine and human cyclin E species as well as for Risc control siRNA (Dharmacon). Two different siRNAs were engineered that targeted both human and murine cyclin E coding sequences, as follows: 5′-AAGTGCTACTGCCGCAGTATC-3′ (siRNA-E1.1) and 5′-CCTCCAAAGTTGCACCAGTTT-3′
Translational Relevance
Cyclins and cyclin-dependent kinases (Cdk) are important antineoplastic targets in oncology. Genetic and pharmacologic targeting of the cyclin E-Cdk-2 complex each resulted in marked growth inhibition of lung cancer cells through a previously unrecognized mechanism: induction of multipolar anaphases leading to apoptosis. Pharmacologic targeting of Cdk-2 with seliciclib reduced lung cancer formation in vivo. Treatments also decreased expressed proliferation markers in lung carcinogenesis lesions arising in transgenic cyclin E mice. Pharmacogenomic analysis revealed that lung cancer cell lines that exhibited marked sensitivity to seliciclib frequently harbored activating ras mutations. Cooperative antineoplastic effects were seen when seliciclib was combined with a microtubule-targeting agent such as a taxane. Together, these findings provide a strong rationale for combining a microtubule-targeting agent with Cdk-2 inhibition for lung cancer therapy, especially when ras mutations are present.
(siRNA-E1.2). Two different siRNAs were also engineered that targeted the Cdk-2 coding sequence, as follows: 5′-TTGCGATAACAAGCTCCG-3′ (Cdk-2.1) and 5′-TAAG-TACGAACAGGGACTC-3′ (Cdk-2.2). Two different siRNAs were engineered that targeted the Cdk-1 coding sequence, as follows: 5′-TCAAAGATGAGATATAAC-3′ (Cdk-1.1) and 5′-TTTGGATGATGACGAAGTTCC-3′ (Cdk-1.2). Fresh medium was added to each well 24 h after transfection. Three replicate experiments were done and each experiment was conducted in at least triplicates.
Real-time reverse transcription-PCR assays. Total RNA was isolated from the indicated siRNA-transfected ED-1 or ED-2 cells using Trizol reagent (Invitrogen). Reverse transcription (RT) assays were done using the High Capacity cDNA Reverse Transcription kit (Applied Biosystems) with a Peltier Thermal Cycler (MJ Research). Quantitative real-time PCR assays were done using SYBR Green PCR Mastermix (Applied Biosystems) and the 7500 Fast Realtime PCR System (Applied Biosystems) for quantitative detection of mRNAs. Reverse transcription-PCR assays were conducted using previously optimized protocols of the vendor (Applied Biosystems). Three replicate experiments were done. The primers used were as follows: murine cyclin E forward, 5′-GTGGCTCCGACCTTTCAGTC-3′ and reverse, 5′-CACAGTCTTGTCAATCTTGGCA-3′; murine Cdk-2 forward, 5′-CCTGCTTATCAATGCAGAGGG-3′ and reverse: 5′-TGCGGGTCACCATTTCAGC-3′; and murine glyceraldehyde-3-phosphate dehydrogenase forward: 5′-AGGTCGGTGTGAACGGATTTG-3′, and reverse: 5′-TGTAGACCATGTAGTTGAGGTCA-3′.
Proliferation and apoptosis assays. ED-1 (4.5 × 10 3 ), ED-2 (7.5 × 10
3 ), C-10 (8 × 10 3 ), H-23 (2 × 10 4 ), HOP-62 (4.5 × 10
3 ), and H-522 (2 × 10 4 ) cells were each seeded per well of a six-well tissue culture plate and treated 24 h later with the indicated agents. At least three wells were seeded for each cell line in each experiment. Triplicate replicate experiments were done. Logarithmically growing cells were assayed using the CellTiter-Glo assay (Promega) and established methods (21) . Trypan blue viability assays were done, as described (21) . Cellular apoptosis was measured by Annexin V:FITC positivity detected by flow cytometry using the Annexin V assay kit (AbD Serotec), following the vendor's methods.
Clonal growth assays. Two hundred logarithmically growing ED-1 cells were plated onto each 10-cm tissue culture plate. Triplicate replicate clonal growth assays were done. Cell cultures were treated with the indicated agent on day 1. Media were removed on day 4, and plates were incubated for an additional 10 d in seliciclib-free medium; otherwise, colonies did not readily form (data not shown). Colonies were stained with Diff Quick (IMEB, Inc.) according to the vendor's recommended procedures. Colonies were counted using the Oxford Optronix Col Count colony counter (Oxford Optronix) as in prior work (22) .
Washout assays. ED-1 (1.5 × 10 4 ) and ED-2 (3 × 10 4 ) cells were each seeded onto 10-cm tissue culture plates and treated 24 h later with seliciclib (10 μmol/L) or vehicle (DMSO). Cells were washed thrice with sterile PBS before being harvested and seeded in six-well plates, as described above. Seliciclib or vehicle (DMSO) were added 12 h later. Proliferation was monitored 48 and 96 h following treatments using the CellTiter-Glo assay (Promega).
Chromosome stability assay. ED-1, ED-2, C-10, H-23, HOP-62, and H-522 cells were each fixed in 3.5% paraformaldehyde, stained with anti-α-tubulin-specific antibody (Sigma Aldrich) and independently mounted with ProLong Gold antifade reagent supplemented with 4',6-diamidino-2-phenylindole (Invitrogen). Stained cells were examined using an Eclipse TE 2000-E microscope (Nikon). Anaphase cells that contained three or more spindle poles were scored as multipolar.
High-throughput proliferation assay. In brief, 270 human cancer cell lines were seeded in 96-well microtiter plates (BD Biosciences), with each cell line seeded onto 3 different wells, as previously described (23, 24) . These cells were treated with 0.15, 1.5, and 15 μmol/L seliciclib dosages. Cells were assayed 72 h posttreatment by staining with the fluorescent nucleic acid stain Syto 60 (Molecular Probes) using the Sciclone ALH300 multichannel liquid handling workstation (Caliper Lifesciences) and optimized methods (23, 24) . Quantification of the fluorescent signals was done with the SpectraMax M5 plate reader (Molecular Devices). Means of triplicate seliciclib treatment experiments were compared with vehicle-treated cells, using optimized methods previously reported (23, 24) .
In vivo seliciclib pharmacodynamic studies. Three 9-moold female mice expressing transgenic wild-type human cyclin E were each injected i.p. twice daily for 5 consecutive d with 100 mg/kg seliciclib or vehicle (DMSO), for a total of six mice in this experiment. These mice were then sacrificed following an Institutional Animal Care and Use Committee-approved protocol, and harvested lung tissues were formalin fixed, paraffin embedded, and sectioned for histopathologic analyses using previously established techniques (19) . In addition to H&E staining, immunohistochemical staining for Ki-67 and cyclin D1 expression was detected using optimized techniques (12) . Histopatholgic analyses were done by a pathologist (V. M.), who was unaware whether tissues harvested from mice were previously treated with seliciclib or with the vehicle.
In vivo tumorigenicity. Early passages of ED-1 cells were harvested in PBS supplemented with 10% mouse serum (Invitrogen) and 8 × 10 5 cells were individually injected into the tail veins of each of 8-wk-old female FVB mice. Ten mice were each i.p. treated twice daily, 5 d on, 2 d off, for 3 cycles with 100 mg/kg seliciclib, and 10 additional mice were treated with vehicle (DMSO). Treatments began 2 wk after tail vein injections. This time was selected because ED-1 cells had already begun to form lung tumors at this time point (data not shown). A replicate experiment was done. Mice were then sacrificed following an Institutional Animal Care and Use Committee-approved protocol, and harvested lung tissues were formalin fixed, paraffin embedded, and sectioned for histopathologic analyses using established methods (19, 25) . Analyses were done by a pathologist (H. L.) who was unaware of which mice were treated with seliciclib or vehicle.
Statistical analysis. All assays were expressed as means ± SD. Results of all independent experiments were pooled to assess for statistical significance. Z test and two-sided t tests were used for all statistical analyses. Statistical significance was considered for values of P < 0.05 and P < 0.01, respectively.
Results
Targeting cyclin E expression. To investigate effects of knockdown of cyclin E independently in ED-1 and ED-2 murine lung cancer cells, two siRNAs were designed to target both endogenous murine and exogenous human cyclin E species. Findings were compared with an inactive control siRNA. Over 95% of cells were transiently transfected with the desired siRNAs (data not shown). To validate knockdown of targeted mRNAs, real-time quantitative reverse transcription-PCR assays were done using total RNA isolated from transfected ED-1 or ED-2 cells. Marked knockdown of cyclin E mRNAs was achieved in both ED-1 and ED-2 cells, as shown in Fig. 1A . The result was that both ED-1 and ED-2 cellular proliferation was markedly inhibited, as in Fig. 1B . This inhibition was consistent with a likely dependence on cyclin E expression for both ED-1 and ED-2 cell growth. When higher siRNA dosages targeting cyclin E were used in transfection experiments, few viable cells remained (data not shown).
Inhibition of Cdk-2. To confirm and extend evidence for importance of the cyclin E-Cdk-2 complex in lung cancer cell growth, Cdk-2 was pharmacologically targeted with seliciclib, a reversible Cdk-2 inhibitor. Cdk-2 inhibition caused a significant dose-dependent growth suppression of both ED-1 and ED-2 cells at 48 and 96 hours, compared with vehicle controls occurring at seliciclib dosages of 10 to 25 μmol/L (Fig. 2A) . Seliciclib treatment decreased clonal growth in a dose-dependent manner (Fig. 2B) . Seliciclib treatment also led to a substantial repression of cyclin D1 protein expression by 48 hours, but inhibited phosphorylation of RNA-polymerase II at Ser-2, a hallmark of Cdk-7/9 inhibition (16), only at high dosages (25 μmol/L; Fig. 2C ). Thus, the biological effects of seliciclib at dosages below 25 μmol/L were due to Cdk-2 inhibition rather than to repression of transcription through Cdk-7/9 blockade. Intriguingly, seliciclib-mediated growth inhibition was only partially reversed by washout experiments conducted in ED-1 and ED-2 cells (Fig. 2D) . This was the basis for pursuit of an engaged mechanism from targeting Cdk-2. Given the known induction of chromosomal instability by cyclin E overexpression (6), effects of Cdk-2 inhibition on chromosome stability of ED-1, ED-2, and other lung cancer cells were explored. Seliciclib treatment increased the occurrence of multipolar anaphases, which has been shown to result in cell death (Fig. 3A and B, left; ref. 26 ).
This mechanism associated with seliciclib therapeutic effects occurred in both ED-1 and ED-2 cells.
To investigate whether inhibition of Cdk-2 was responsible for induction of multipolar anaphases, Cdk-2 was sublethally targeted with two different siRNAs. Notably, Cdk-2 knockdown resulted in marked growth inhibition, which was consistent with a likely addiction of ED-1 and ED-2 cells to cyclin E and its partner, Cdk-2, for their growth. Quantitative PCR (Supplementary Fig. S1A ) was done after sublethal knockdown of Cdk-2 through Fig. S1B ) and increased multipolar anaphases (Fig. 3B, right) , whereas comparable siRNA-mediated Cdk-1 knockdown (Supplementary Fig. S1B ) did not result in a significant increase in apoptosis or multipolar anaphases (Fig. 3B, right) . Thus, specifically targeting Cdk-2 resulted in multipolar anaphases leading to anaphase catastrophe.
Cdk-2 inhibition by seliciclib resulted in growth inhibition of HOP-62, H-522, and H-23 human lung cancer cell lines (Supplementary Fig. S2A ). Seliciclib treatment also augmented multipolar anaphases leading to anaphase catastrophe in each of these human lung cancer cell lines as early as 4 hours after seliciclib (15 μmol/L) treatment (Fig. 3C-D) . In contrast, C-10-immortalized murine pulmonary epithelial cells had much less basal aneuploidy than lung cancer cells and exhibited only minor growth inhibition after seliciclib treatment (Supplementary Fig. S2B ). This treatment (15 μmol/L of seliciclib) did not significantly induce multipolar anaphases in C-10 cells (Fig. 3D, right) . Thus, both human and murine lung cancer cell lines exhibited statistically significant growth inhibition and induction of anaphase catastrophe after seliciclib treatments. These findings, along with results from a large panel of cancer cell lines (discussed below), revealed that antiproliferative effects of inhibiting Cdk-2 are frequent in lung cancer cells as well as in many other cancer cell lines.
Seliciclib cooperation with taxanes. Taxanes are microtubule-targeting agents that confer apoptosis through mechanisms that include induction of mitotic catastrophe (27) . Given this, studies of the consequences of combining seliciclib with these agents were undertaken. Paclitaxel and docetaxel were the taxanes (27, 28) examined. Combining seliciclib with either paclitaxel or docetaxel caused at least additive growth inhibition of ED-1 (Fig. 4A ) and ED-2 lung cancer cells (data not shown). Each agent was used at dosages lower than used in single agent studies to search for cooperative interactions. These treatment regimens cooperatively increased induction of apoptosis (Fig. 4B ) and reduced clonal growth (Fig. 4C) . Notably, combined treatment of seliciclib with paclitaxel or docetaxel led to at least additive growth inhibition of HOP-62, H-522, and H-23 human lung cancer cell lines compared with vehicle controls (Supplementary Fig. S2C ). Thus, dual targeting of Cdk-2 with seliciclib and microtubules with either paclitaxel or docetaxel exerted cooperative antiproliferative effects in murine and human lung cancer cell lines.
High-throughput studies. To comprehensively examine seliciclib effects, a recently described method for detecting pharmacologic responses was used with a large number of cancer cell lines and a robotic-based platform (23, 24) . A total of 270 human cancer cell lines from diverse cancer histopathologic types was investigated. Over half of investigated lung, pancreatic, head and neck, esophageal, liver, thyroid, ovarian, uterine, and skin cancer cell lines showed at least 50% growth inhibition following 72 hours of seliciclib treatment, compared with vehicle treated cells (Supplementary Table S1 ; Fig. 5A ). Among the 270 human cancer cell lines investigated, 52 were of NSCLC origin and 2 (4%) were relatively insensitive to seliciclib (fractional growth, >75% compared with vehicle-treated cells), whereas 21 (40%) displayed a modest sensitivity (fractional growth was between 75% and 50% compared with vehicle-treated cells), and 29 (56%) showed marked sensitivity scored as fractional growth <50% versus controls (Fig. 5B) .
Effects of seliciclib treatments on proliferation of H-522 lung cancer cells were also investigated in Supplementary  Fig. S2A with concordant results as in this high-throughput experiment. As shown, this cell line was less sensitive than others examined and had wild-type ras status (Supplementary Table S2 ). The ras status of 13 of 15 NSCLC cell lines with highest sensitivity to seliciclib is known. 8 Intriguingly, analyses revealed that 12 of 13 (92%) of the lung cancer cells most sensitive to seliciclib treatments had K-ras-or N-ras-activating mutations, whereas none of the NSCLC cell lines with the least sensitivity to seliciclib had such mutations (Supplementary Table S2 ; Fig. 5C ). Prior work has shown that both H-23 and HOP-62 lung cancer cells harbor ras mutations and, as shown in Supplementary Table S1 , are more sensitive to seliciclib than H-522 lung cancer cells (29) . Thus, findings from this large panel of cancer cell lines indicated significant seliciclib sensitivity well beyond those human and murine lung cancer cells already investigated. For lung cancer cells, this response is tightly associated with the presence of ras activation in highly responsive cells.
Seliciclib effects in transgenic cyclin E mice. To investigate seliciclib pharmacodynamic effects in the lungs of transgenic wild-type cyclin E mice that spontaneously develop lung carcinogenesis, seliciclib 100 mg/kg or vehicle (DMSO) were each administered to mice i.p. twice a day, as described in the Materials and Methods. Immunohistochemical analyses revealed that seliciclib treatment resulted in a significantly decreased number of nuclei immunostaining for the pharmacodynamic markers Ki-67 (P = 0.00011) and cyclin D1 (P = 0.00037) in representative dysplastic lung lesions, compared with vehicle-treated control mice (Supplementary Fig. S3; Fig. 6A) .
Seliciclib antineoplastic effects. ED-1 lung cancer cells (8 × 10 5 ) were tail vein injected into each syngeneic FVB mouse. These mice exhibited histopathologic evidence of lung adenocarcinomas by 2 weeks after injections of ED-1 cells (data not shown). Whether targeting Cdk-2 with seliciclib exerted antitumorigenic effects was examined in 10 female FVB mice per treatment arm after tail vein injections with ED-1 cells. Seliciclib treatment of each of these mice began 2 weeks following injection of cells. Results were compared with those obtained from 10 syngeneic female FVB vehicle-control-treated mice, as described in the Materials and Methods. Numbers of lesions detected histopathologically in formalin-fixed paraffin-embedded lung tissue specimens were scored 6 weeks after ED-1 cell injections into FVB mice. Seliciclib treatment resulted in a significant reduction of high-grade (P = 0.026; Fig. 6C ) and multilayer (P = 0.005; Fig. 6D ) lung lesions, compared with the lungs of vehicle-treated FVB mice injected with ED-1 cells in each of two replicate experiments. Representative lesions are shown in Fig. 6B . The quantifications of lung lesions for one of the two replicate experiments are shown in Fig. 6C and D. Targeting Cdk-2 with seliciclib exerted significant antitumorigenic effects.
Discussion
Cyclin E and Cdk-2 are therapeutic targets deregulated in lung cancer (1-3) . The current study advances prior work by showing that targeting the cyclin E-Cdk-2 complex triggers anaphase catastrophe and apoptosis that in turn substantially suppressed lung cancer growth. Recently described ED-1 and ED-2 murine transgenic lung cancer cells (19) depended on cyclin E expression for their growth, as confirmed by the marked growth inhibition resulting from siRNA-mediated knockdown of cyclin E (Fig. 1) . The marked growth inhibitory effects observed in these cells likely indicated an addiction to cyclin E (30). Cdk-2 inhibition with seliciclib decreased proliferation of ED-1 and ED-2 cells ( Fig. 2A) as well as growth observed in a large panel of human cancer cells, including 52 lung cancer cell lines (Fig. 5A and B) . This established the broad pharmacologic effect of targeting the cyclin ECdk-2 complex in cancer cells.
Unexpectedly, these effects were partially reversed (Fig. 2D ). An intriguing engaged mechanism for this was found: induction of multipolar anaphases leading to anaphase catastrophe and apoptosis (Fig. 3) . Apoptosis was enhanced by combining Cdk-2 inhibition with microtubule-targeting taxanes (Supplementary Fig. S2C; Fig. 4 ). Cdk-2 inhibition led to repression of pharmacodynamic proliferation markers and to reduced lung cancer formation in vivo (Fig. 6 ).
This has implications for translational cancer research. These findings underscore a clinical rationale for targeting the cyclin E-Cdk-2 complex in lung cancer patients.
Aberrant expression of cyclin E (6) and hCDC4 mutations (31) have each been previously reported to induce chromosomal instability. The known effects of cyclin E on chromosomal instability and aneuploidy were the basis for searching for their changing during cyclin E-Cdk-2 inhibition. Results presented in this study indicate that inhibition of Cdk-2 markedly affected chromosomal stability by inducing formation of multiple spindle poles triggering anaphase catastrophe. This underscored the critical role played by the cyclin E-Cdk-2 complex in the maintenance of chromosome stability. This effect was observed at seliciclib dosages (≤20 μmol/L) that preferentially inhibited Cdk-2 activity and not RNA II polymerase, as shown in Fig. 2C . Targeting of Cdk-2 in ED-1 cells with siRNAs also led to induction of multipolar anaphases (Fig. 3B, right) . Induction of multipolar anaphases was not observed following Cdk-1 knockdown (Fig. 3B, right) , underscoring a specificity for Cdk-2 inhibition. Although a possible role for the cyclin B1-Cdk-1 complex in the induction of multipolar anaphases has been highlighted (32), Cdk-2 was shown in this study to play an important regulatory role especially when the cyclin E-Cdk-2 complex was active. Higher seliciclib dosages ( Fig. 2A) as well as siRNAs engineered against cyclin E (Fig. 1) or Cdk-2 (data not shown) each led to marked cytotoxicity, as expected (30) .
Future work will investigate the precise mechanism(s) leading to anaphase catastrophe. A possible Cdk-2 target is NuMA, a key organizer of mitotic spindle poles, and its activity is regulated by Cdks (33, 34) . Comparing the phosphoproteome of seliciclib versus vehicle-treated lung cancer cells in future work should help elucidate the role of this target and perhaps identify others mediating these effects. Another target to consider is HSET, a kinesin motor that regulates the organization of centrosomes in dividing cells and is essential for cells undergoing division in the presence of extra centrosomes (26, 35) .
Prior work and studies presented here indicate antitumorigenic effects of targeting the cyclin E-Cdk-2 complex in animal models and raise interest in targeting this pathway in diverse cancer cell contexts, including lung cancer (1, 16) . Seliciclib as a single agent or as part of a combination regimen decreased tumor size in xenograft models (16, 17, 36) . However, a phase I clinical trial with seliciclib as a single agent did not report objective responses (14) .
Multiple reasons could account for this clinical observation. Prior proof of principle clinical trials by our team (37, 38) established that optimal intratumoral drug concentrations are needed to exert desired pharmacodynamic effects within clinical lung cancers. Clinical pharmacologic data for seliciclib intratumoral concentrations in cancers of patients do not yet exist, but would provide critical information to guide the selection of an optimal seliciclib dose and schedule used in the treatment of cancer patients. It is also worth noting that seliciclib is a first-generation Cdk-2 inhibitor and newer compounds with greater potency are under study (39) . Our preliminary studies reveal that several of these compounds are much more potent than seliciclib in conferring growth inhibition in lung cancer cells (data not shown). Furthermore, the use of pharmacodynamic markers identified in this study, such as the expression profile of cyclin E or presence of ras mutations within lung cancers might guide selection of lung cancer cases likely to be responsive to seliciclib.
Intriguingly, a tight correlation was found between ras mutations and sensitivity to seliciclib treatments in the high-throughput screen displayed in Fig. 5C and Supplementary Table S2 . Activating ras mutations are found in a subset of NSCLCs (40) and this predicts resistance to epidermal growth factor receptor-tyrosine kinase inhibitors (41, 42) . The presence of ras mutations was linked to chromosomal instability (43, 44) , providing a plausible explanation for these mutations conferring sensitivity to seliciclib treatment through reduced chromosomal stability. This pharmacogenomic result indicated that cyclin E-Cdk-2 targeting therapies could be effective for lung cancer patients resistant to epidermal growth factor receptor-tyrosine kinase inhibitor-based therapy due to activating ras mutations.
Analyzing responses of patients from previous seliciclib clinical trials based on ras mutation status should provide clinical insights. Also, because combining seliciclib with microtubule-targeting agents produced cooperative antineoplastic effects in both murine (Fig. 4) and human ( Supplementary Fig. S2C ) lung cancer cells, a combination regimen of seliciclib with paclitaxel or docetaxel would be an attractive lung cancer therapeutic regimen to consider. Future work should not only explore cooperation between Cdk-inhibitors with taxanes, but also with other agents. In this regard, it is notable that preliminary studies indicate that seliciclib cooperates with all-trans-retinoic acid to suppress lung cancer cell growth (data not shown). Other combination regimens might be considered.
In summary, targeting the cyclin E-Cdk-2 complex led to significant suppression of lung cancer growth both in vitro and in vivo. Unexpectedly, a novel consequence of this inhibition was induction of anaphase catastrophe that triggered apoptosis. Kinase-targeted therapy has proven effective for targeting Bcr-Abl in chronic myelogenous leukemia (45, 46) , c-kit in gastrointestinal stromal tumors (47) , and epidermal growth factor receptor in lung cancer (48, 49) . Prior work revealed a key role for the cyclin E-Cdk-2 complex in lung carcinogenesis (1, 12) and in lung cancer therapy or chemoprevention (1, 3, 9, 10, 12) . This study advances prior work by implicating cyclin E-Cdk-2 complex inhibition, in combination with a microtubule-targeting agent, as a lung cancer therapeutic strategy.
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